The study was conducted to determine the standardized ileal digestible (SID) sulfur amino acid (SAA) to lysine (Lys) ratio required to maximize the performance of 25-50 kg pigs fed reduced crude protein (CP) diets fortified with crystalline amino acids. A total of 360 crossbred (Duroc × (Landrace × Large White)) pigs, weighing 25.6 ± 2.7 kg, were blocked by gender, litter, and initial body weight (BW) and allotted to 1 of 5 dietary treatments with 6 pens per treatment and 12 pigs per pen for a 35-day performance trial. The basal diet was based on corn, soybean meal, and wheat bran and was formulated to be deficient in SAA (50% proportion of SID SAA to Lys). Graded levels of dl-methionine were added to the basal diet at the expense of wheat bran in order to provide 55.6, 60.0, 65.6, or 70.0% proportion of SID SAA to Lys, respectively. A constant SID Lys level of 0.90% was set so that Lys was the second limiting amino acid (AA) in all diets. Average daily gain (ADG) and feed conversion ratio (FCR) improved (linear and quadratic, P < 0.05) with increasing dietary proportion of SID SAA to Lys. Increasing the dietary proportion of SID SAA to Lys decreased the serum urea nitrogen (SUN) level (quadratic, P < 0.05). A two-slope broken-line model estimated the optimum proportion of SID SAA to Lys to be 62.2, 61.5, and 62.3% for maximum ADG and minimum FCR and SUN, respectively, whereas a curvilinear-plateau model yielded an optimum proportion of SID SAA to Lys level of 63.8, 62.5, and 61.5% for maximum ADG and minimum FCR and SUN, respectively. Based on an average of these estimates, we conclude that the proportion of SID SAA to Lys required for 25-50 kg pigs fed low CP diets is 62.3%. This estimate is higher than the NRC (2012) recommendation of 56.1% for 25-50 kg pigs fed normal CP diets.
INTRODUCTION
Methionine (Met) is generally considered to be the second or third limiting amino acid (AA) in typical corn-soybean meal based diets fed to growing pigs Yi et al. 2006) . Met is an essential AA for normal growth which cannot be synthesized in the body, whereas cysteine (Cys) can be converted from Met as needed (Lu et al. 2009 ). Hence, the amount of Met needed in the doi: 10.17221/8276-CJAS diet depends on the amount of Cys present. Thus, it is important to have requirement estimates for Met plus Cys or the sulfur AA (SAA) in addition to Met when formulating swine diets.
Lowering the crude protein (CP) content and supplementing the diet with crystalline AA has nutritional, economic, and environmental benefits (Kerr et al. 2003; Chen et al. 2011) . However, for the successful application of reduced CP diets, it is critical to have reliable estimates of the optimum proportion of SAA to lysine (Lys) for pigs.
Previously reported optimum proportions of standardized ileal digestible (SID) SAA to Lys for 28-49 kg growing pigs range from 57.3 to 63.5% depending on the response parameters used , and are slightly higher than the NRC (2012) recommendation of 56.0% for 25-50 kg pigs. However, data estimating the dietary proportion of SID SAA to Lys ratio for 25-50 kg pigs fed reduced CP diets fortified with AA are scarce. Therefore, the present experiment was conducted to determine the proportion of SID SAA to Lys ratio required to maximize the performance of 25-50 kg pigs fed reduced CP diets fortified with AA. We hypothesized that the optimum proportion of SID SAA to Lys ratio for growing pigs receiving low CP diets differs from that of pigs fed normal CP diets.
MATERIAL AND METHODS

Animals, housing, and dietary treatments.
The China Agricultural University Animal Care and Use Committee (Beijing, China) reviewed and approved all animal protocols used in the present research.
A total of 360 crossbred (Duroc × (Landrace × Large White)) pigs, with an average initial body weight (BW) of 25.6 ± 2.7 kg (mean ± SD), were used in the present study. The pigs were housed in a commercial growing facility located at the National Feed Engineering Technology Research Center (Beijing, China). Pigs were transferred from the nursery room to the growing facility, blocked by gender, litter, and initial BW and then allotted to 1 of 5 dietary treatments with 6 pens per treatment (3 pens of barrows and 3 pens of gilts) and 12 pigs per pen. The 4.2 × 4.6 m pens were equipped with nipple drinkers and a four-hole self-feeder and had a totally slatted, concrete floor.
The pigs received a commercial starter diet for the first 7 days following transfer and the commercial diet was progressively replaced by the experimental diets during the next 3 days. The experiment started on day 11 after transfer to the growing facility. The basal diet was based on corn, soybean meal, wheat bran, and crystalline AA (Lys, Met, threonine, tryptophan, isoleucine, and valine) and was formulated to be deficient in SAA (50% proportion of SID SAA to Lys). Graded levels of dl-Met were added to the basal diet at the expense of wheat bran to provide 55.6, 60.0, 65.6 or 70.0% proportions of SID SAA to Lys, respectively.
A constant SID Lys level of 0.90% was provided so that Lys was the second limiting AA in all diets in order to avoid an underestimation of the proportion of SID SAA to Lys. A SID Lys content of 0.90% is approximately 90% of the requirement determined in previous experiments for pigs of similar genetics and BW range (Zhang et al. 2012 (Zhang et al. , 2013 . The remaining AAs (except Lys and SAA) were supplemented to provide 105% of their requirement relative to Lys (NRC 2012). All diets contained 2.4 Mcal/kg of net energy (NE) and were fed in mash form. Pigs were fed ad libitum and allowed free access to water. Pigs and feeders were weighed at trial initiation and termination (day 35) to determine average daily gain (ADG), average daily feed intake (ADFI), and feed conversion ratio (FCR) .
At the end of the experiment (day 35), blood samples were collected from the anterior vena cava of 2 pigs per pen into 10-ml heparin-free vacutainer tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, USA) after an overnight fast (12 h). The blood samples were centrifuged (3000 g at 4°C for 10 min) and serum was collected and frozen (-80°C) until an analysis of serum AA and urea nitrogen (SUN) could be completed.
Chemical analyses. The CP (AOAC method 984.13), ether extract (AOAC method 920.39), crude fibre (AOAC method 978.19), calcium (AOAC method 968.08), and phosphorus (AOAC method 965.17) contents of the ingredients and diets were analyzed according to the procedures of the Association of Official Analytical Chemists (AOAC 2003) . For the analysis of most AA, ingredients and diets were hydrolyzed with 6 N HCl at 110°C for 24 h (AOAC 2003) . For analysis of the sulfur-containing AA, performic acid oxidation preceded acid hydrolysis whereas the tryptophan (Trp) content was determined after alkaline hydrolysis (AOAC 2003) . The AA analyses were performed using High Performance Liquid doi: 10.17221/8276-CJAS Chromatography (HPLC) (L-8800 AA Analyzer; Hitachi, Tokyo, Japan).
The AA content of the serum samples was determined by HPLC (L-8800 AA Analyzer; Hitachi) using pre-column derivatization with o-phthalaldehyde (Jones and Gilligan 1983) . All chromatographic procedures were performed at room temperature and the samples and standards were evaluated in duplicate as described by Sedgwick et al. (1991) . SUN concentration was measured using a Biochemical Analytical Instrument (Bayer Diagnostics Manufacturing Ltd., Dublin, Ireland) according to the method of Tao et al. (1982) .
Statistical analyses. Data were analyzed by ANOVA using the GLM and PROC NLIN procedures of SAS (Statistical Analysis System, Version 9.1, 2002). Sex of pig was removed from the statistical model because there were no sex effects. Each pen was considered as a separate experimental unit. Orthogonal polynomial contrasts were used to determine linear and quadratic effects of increasing dietary proportion of SID SAA to Lys when the ANOVA indicated that significant differences were present. An alpha level of P < 0.05 was set as the criterion for statistical significance. The optimal proportion of SID SAA to Lys was estimated by subjecting the treatment Least Squares Means for ADG, FCR, and SUN to a two-slope, broken-line and a curvilinear-plateau regression model, based on best fit, as described by Robbins et al. (2006) .
RESULTS
No signs of illness, abnormal behaviour or mortality were observed during the current study. The effects of proportion of SID SAA to Lys on pig performance are presented in Table 3 . The ADG and FCR were improved (linear and quadratic, P < 0.05) as the dietary proportion of SID SAA to Lys increased from 50.0 to 70.0%. The ADFI was not different among the treatments. The best ADG and FCR were achieved at a proportion of SID SAA to Lys of 65.6%.
The effects of proportion of SID SAA to Lys on serum concentrations of AA and SUN are shown in Table 4 . Dietary SAA supply significantly altered the serum concentrations of Lys, Met, Cys, and SUN. With increasing proportion of SID SAA to Lys, serum levels of Lys decreased linearly and quadratically (P < 0.05), and the serum concentrations of Met and Cys increased linearly (P < 0.05). The SUN concentration decreased as dietary proportion of SID SAA to Lys increased (linear and quadratic, P < 0.05) and the SUN concentration was the lowest at a proportion of SID SAA to Lys of 0.656 (Table 4) . A two-slope broken-line regression analysis estimated the optimum proportion of SID SAA to Lys to be 62.2, 61.5, and 62.3% to maximize ADG and minimize FCR and SUN, respectively. A curvilinear-plateau analysis estimated the optimum proportion of SID SAA to Lys to be 63.8, 62.5, and 61.5% to maximize ADG and minimize FCR and SUN, respectively (Figures 1-3) .
DISCUSSION
The present experiment was conducted to determine the optimum proportion of SID SAA to doi: 10.17221/8276-CJAS Lys for 25-50 kg growing pigs fed reduced CP diets fortified with crystalline AA. A constant 0.90% SID Lys level was maintained in all diets used in the present study to ensure that the diets were marginally deficient in Lys as recommended for AA ratio dose-response trials (Boisen 2003). In the current study, ADFI was not affected by treatment but ADG and FCR improved linearly and quadratically with increasing proportion of SID SAA to Lys and were optimized at a proportion of SID SAA to Lys of 65.6%. These results agree with Yi et al. (2005) who reported linear and quadratic effects of an increasing proportion of SID SAA to Lys on ADG and gain : feed which optimized at 64.5% proportion of SID SAA to Lys for 28-49 kg pigs.
Changes in the plasma concentration of AA resulting from increasing the dietary supply of a test AA can be considered as indicative of the optimum AA supply to pigs (Wiltafsky et al. 2009 ). In the current study, increasing dietary SAA supply decreased serum levels of Lys but linearly increased serum levels of Cys and Met, which was likely due to the fact that Met can be converted to Cys through the trans-sulfuration pathway but not vice versa (Lu 2009 ). Wiltafsky et al. (2009) suggested that increasing the dietary supply of valine (Val) decreased plasma Lys concentration but linearly increased plasma Val concentration.
The estimation of the optimum proportion of AA to Lys is affected by the statistical models used. There are different views on which of these models provides the best statistical fit (Robbins et al. 1979; Coma et al. 1995) . Pomar et al. (2003) suggested that a linear broken-line model should be used for individual animals, while a curvilinear-plateau model is best suited for a population or group of animals. The quadratic broken-line (curvilinear plateau) model or a combination of quadratic and broken-line models has been used to estimate AA requirements for curvilinear data sets (Robbins et al. 2006) . In the present study, we used the average of the estimates derived from the two-slope broken-line and curvilinear-plateau models to minimize the variation obtained from the statistical models. Interestingly, the estimates from these two models were similar. The two-slope broken-line model estimated the optimum proportion of SID SAA to Lys to be 62.2, 61.5, and 62.3% to maximize ADG and minimize FCR and SUN, respectively, whereas the curvilinear-plateau model yielded an optimum proportion of SID SAA to Lys of 63.8, 62.5, and 61.5% to maximize ADG and minimize FCR and SUN, respectively. Averaging these estimates, an optimal proportion of SID SAA to Lys of 62.3% was obtained which is higher than the NRC (2012) recommendation of 56.1% for 25-50 kg pigs but agrees with Yi et al. (2005) , based on a broken-line model using the intercept of the broken-line and quadratic curve, and the 95% upper asymptote of quadratic response. They estimated the optimum proportion of SID SAA to Lys to be 61.7% for ADG and 61.1% for gain : feed in 28-49 kg mixed-sex pigs. Similarly, Gaines et al. (2004) estimated the optimum proportion of SID SAA to Lys to be 59.7% and 61.1% for ADG and gain : feed ratio for 29-45 kg growing pigs. Wang and Fuller (1989) , using the deletion method and N-retention as the response criteria, estimated the proportion of ideal digestible SAA to Lys for 25-50 kg pigs to be 63.0%. In a literature review, Peak (2005) reported the proportion of SID SAA to Lys to be 60.0-62.0% for modern genotypes of nursery and growing pigs. The optimal proportion of SAA to Lys can be affected by several factors. Firstly, the ratio of Met to Cys in the diet can affect the proportion of SAA to Lys because Cys can be converted from Met but not vice versa, i.e. the level of Cys can affect the total SAA requirement. Chung and Baker (1992) reported that Cys can furnish up to 50% of the young pig's SAA requirement. Shoveller et al. (2003) found that when Met is meeting 100% of the SAA requirement, Cys can replace 40% of the Met requirement. More recently, Gillis et al. (2007) and Qiao et al. (2008) suggested an optimal proportion of Met to SAA of 55.0% for growing pigs. In the basal diet of the current study, the SID Met : Cys ratio was 53 : 47 which is similar to the ratio that Yi et al. (2006) used to determine the SID SAA requirement for nursery pigs.
Secondly, SAA are also needed for synthesis of compounds involved in the immune response such as glutathione and acute phase proteins such as albumin and fibrinogen which are high in Cys (Reeds et al. 1994; Malmezat et al. 2000; Kim et al. 2012; Litvak et al. 2013) . Recent research showed that growing pigs, exposed to an immune challenge or poor health status, have an increased requirement for SAA (Rakhshandeh et al. 2010; Kim et al. 2012) . The current experiment was conducted in a commercial facility and no in-feed antibiotics were included in the diet. Thus, it represents a low sanitary or immune status which might have influenced the derived proportion of SAA to Lys.
The optimum proportion of SAA to Lys estimated from the performance data in the current experiment were in line with the proportion of SAA to Lys derived from the SUN data. In the current experiment, the lowest SUN concentration was observed at a proportion of SAA to Lys of 65.6%. Urea is the main end product originating from the catabolism of AA and a reduced SUN is indicative of a reduced need for deamination of excess AA (D'Mello 2003) . The concentration of SUN has been used as response criteria for determination of AA requirements (Pedersen and Boisen 2001) .
Using the overall results of this experiment, the two-slope broken-line model estimated the optimum proportion of SAA to Lys to be 62.2, 61.5, and 62.3% for ADG, FCR, and SUN, respectively, whereas the curvilinear-plateau model yielded an optimum proportion of SAA to Lys of 63.8, 62.5, and 61.5% based on ADG, FCR, and SUN, respectively. Based on an average of these estimates, we conclude that the optimal proportion of SAA to Lys for pigs fed low CP diets supplemented with crystalline AA is 62.3% for 25-50 kg pigs. This estimate is higher than the NRC (2012) recommendation of 56.1% for 25-50 kg pigs fed normal CP diets. We suggest that crystalline AA may be more susceptible to reactions with other compounds in the feed than protein-bound AA thus resulting in a higher requirement for SAA when low CP diets supplemented with crystalline AA are fed. In particular, the availability of free Met may be reduced by reactions with radicals produced from the oxidation of unsaturated fatty acids in the feed (Boisen 2003) .
CONCLUSION
In conclusion, the proportion of SAA to Lys required to maximize ADG and minimize FCR of 25-50 kg pigs receiving low CP diets supplemented doi: 10.17221/8276-CJAS with crystalline AA was calculated to be 62.3%. The serum urea N data agree with the estimated optimal proportion of SAA to Lys established for maximum pig performance. It appears that the proportion of SAA to Lys required for pigs fed low CP diets supplemented with crystalline AA may be higher than that required for pigs fed normal CP diets.
